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APPENDIX B. SIMULATIONS OF TIME AND SPECTRAL
CHARACTERISTICS OF ULTRAWIDEBAND SIGNALS AND THEIR
EFFECTS ON RECEIVERS

Edmund A. Quincy’

B.1 Introduction

In this appendix a class of time-dithered, time-hopped UWB systems is modeled and simulated
from an analytic description of the system. These simulated time waveforms and Fourier
spectrum results are analyzed to show the effect of a receiver’s intermediate frequency (IF)
bandwidth (BW) on peak and average power. These peak and average power curves provide the
basis for establishing a normalized bandwidth correction factor (BWCF) curve and equation. The
BWCEF is used to estimate peak power over a range of bandwidths from average power
measurements made in a 1 MHz BW as prescribed by the FCC for Part 15 devices. Simulation of
the UWB devices complements measurements and other analytic model results for these devices.

»

B.2 UWB Model

The simulated time-dithered ultrawideband system block diagram is shown in Figure B.1. The
system transmits a quasi-periodic, very low duty cycle, dithered pulse train s(z) where delta
functions (narrow pulses in hardware) are pulse position modulated (PPM) and shaped with a
Gaussian 2™ derivative filter w(z). The analytic expression for s(z) and w(t) are provided in (1)
and (1a) where d, is the total dither in time units and N, is the number of pulses in the pulse train.
In the simulation results the number of pulses was set at 100 (10,000 ns). This was estimated to
be similar to the observation window of a spectrum analyzer measurement. The model employed
here 1s similar to that used by Win and Scholtz [1] except that their pulse trains were infinite in
length, which led to smoothed spectral lines corresponding to this infinite observation window.

NP

s(1)=w(t)x 3,68 [1-d; ~(k-1T] (1)
k=l

wit)=[ 1-2(m 1)} Je~ 7 11 (1a)

The author is with the Institute for Telecommunication Sciences, National

Telecommunications and Information Administration, U.S. Department of Commerce, Boulder,
CO 80305.
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Figure B.1. Time-dithered ultrawideband system model.

The shaping filter for a specific hardware configuration depends on the transmit and receive
antennas and may deviate some from this model. The specific pulse shape is probably not as
important a factor in determining a receiver’s narrow IF BW response as the pulse width and
corresponding BW. The receiver IF filtering will remove pulse shape details if the pulse is
sufficiently narrow and the corresponding BW sufficiently wide, compared to the receiver IF
bandwidth. Shape details are filtered out in these simulations, as will be seen in the IF output
pulses. In this system the dither consists of two components: a pseudo-random time-hopping
dither and a data dither. Usually the time-hopping dither is large compared to the data dither. In
our case the time-hopping dither was uniformly distributed between 0 and 0.5T (50% dither);
whereas the data dither represented binary Os and 1s with 0 or 0.045T (4.5% dither). The time-
hopping dither values are commonly generated from a pseudo-noise sequence. An undithered
pulse repetition rate (PRR ) of 10 MHz was used, which made the nominal pulse train period
T= 100 ns. Simulation results were also obtained for the 0 or the non-dithered case where the
waveforms are periodic with a period T=100 ns resulting in a line spectra with a fundamental
frequency equal to the PRR .

B.3 UWB Simulation

The simulation and power calculation processes are shown in the flow diagram of Figure B.2.
A periodic impulse train is dithered by the combined amount of dither and then Fourier
transformed using the FFT (Fast Fourier Transform). Then the spectrum is shaped using the
Gaussian 2™ derivative filter transfer function W(#) described by the analytic expression in (2a).

Alternatively, the complex Fourier spectrum, S(f), can be calculated using the analytic expression
in (2).
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Figure B.2. Simulation and power calculation process.

The transmitted 50% dithered pulse train is shown in the top Figure B.3 plot and an individual
pulse is shown in the bottom plot. The transmitted pulse width was approximately 1 ns and the
corresponding wideband spectrum peaked at 2 GHz with 40 dB down from the peak occurring at
frequencies of 0.25 GHz and 5 GHz. The transmitter spectra are shown in Figure B.4 with
dithered pulse train spectrum (before shaping) shown in the top and the shaped transmitter output
spectrum shown in the bottom. Note that the spectrum before shaping appears quite noise-like
with 50% dither. This random appearance can change significantly with less dither, particularly
below 25% dither. With dithers greater than 50% the random appearance does not change
significantly. With BWs of 100 MHz or less centered about the peak at 2 GHz, the spectrum still
appears quite flat even after shaping.

The transmutter output in Figure B.2 is fed through an ideal channel to a receiver (victim or
spectrum analyzer) where the signal is mixed down to a center frequency of 300 MHz. This
frequency f_ now is also the peak frequency of the spectrum. That is, the original peak frequency
f,=2 GHz was mixed down to 300 MHz. Next the mixer output is filtered by a Gaussian-shaped
filter with an adjustable bandwidth. A Gaussian shape was chosen for three reasons: (1) the
spectrum analyzer response, used to make measurements at an IF frequency, resembles a non-
symmetric Gaussian; (2) as more stages of IF filtering are employed, their composite response
usually tends towards a Gaussian; and (3) simplicity. Bandwidths were employed from 100 MHz
down to 0.3 MHz. The IF filter was followed by an envelope detector implemented by computing
the waveform magnitude and lowpass filtering it with a 6-pole Butterworth filter using a BW of
200 MHz. Higher bandwidths allowed some ripple through at the IF frequency.
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Figure B.4. Transmitter spectra (50% dither); Top: before Gaussian filter,
Bottom: after Gaussian filter.
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An example output is shown in Figure B.5 employing an IF BW of 30 MHz. The top plot shows
the filtered received spectrum centered at 300 MHz, the center plot contains the pulse train out of
the IF showing the pulsed RF oscillating at approximately the 300 MHz IF frequency. The
bottom plot displays the envelope waveform out of the IF filter. Note the variable spacing of the
pulses corresponding to the 50% dither. At a BW of 30 MHz the pulses out of the IF just touch
each other. For wider BWs they are completely separated and for narrower BWs they are
overlapped, causing peaking in the envelope as observed in Figures B.6 and B.7 for 10 MHz and
3 MHz IF bandwidths respectively. Figures B.8 compare this peaking effect of the detected
envelope for these same 3 BWs over a record length of 100 pulses (10,000 ns). It is particularly
interesting to compare the 50% and O dither cases. With the periodic (no dither) pulse train, the
IF filter gets pinged by pulses at a regular interval and just provides periodic pulses out of the
detector without peaking. At a BW of 3 MHz the 50% randomly dithered pulse train creates
significant peaks and valleys (1 down to 0), whereas the periodic pulse train has a constant
envelope coming out of the IF filter.

Victim Receiver Gaussian IF Response to UWB Device (fiF=300 MHz, BW3db=30 MHz, PRF=10 MHz)
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Figure B.5. Receiver 30 MHz IF bandwidth (50% dither); Top: output spectrum, A
Middle: pulsetrain, and Bottom: envelope detected pulse train.
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Victim Receiver Gaussian IF Response to UWB Device (#1F=300 MHz, BW30b=10 MHz, PRF=10 MHz)
0 T Y T

— IF Filtered Spectrum
AvRecSpecPwr (Watts) = 2.6449e-007

Magnitude in dB

L 1
300 310 330
Frequency in MHz

i

1 i oyt pregl

— Pulse Train Out of IF
PeakinstRecPwr (Max Pk Sq) = 1.28890-006
YNy i RETENTIY

LI

Amplitude

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time in nSec

1 T T T T T T T T T

N — Env Det Wav with Butlerwonh LPF (ButBW=200 MHz) il

a;l.. ”” min T

1 i i
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time in nSec
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Figure B.7. Receiver 3 MHz IF bandwidth (50% dither); Top: output
spectrum, Middle: pulse train, and Bottom: envelope
detected pulse train.
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B.4 Power Calculations in Receiver IF Bandwidths

Figures B.9 show the received instantaneous peak and average power computed from the
simulated time waveforms for receiver [F bandwidths ranging from 0.3 MHz to 100 MHz. These
powers were normalized to the average power in a BW of 1 MHz (a 1-MHz BW is specified by
the FCC for Part 15 average measurements). Consequently, the average power curves all go
through 0 dB at 1 MHz. These curves provide the basis to develop bandwidth correction factors
(BWCF). The BWCFs are used to estimate the amount of peak power at a given BW, starting
with measuring the average power in this 1-MHz BW.

In addition to peak and average power curves, another guideline is provided. This straight line on
a log-log plot is the 10 log,,(BW) average power trend line. It follows the average power quite
well for 50% dither (both pre-detection and post-detection); however, for the non-dithered case it
follows the average power only for BWs greater than or equal to 10 MHz where the pulses are
separated. As pulses overlap for narrower BWs of this non-dithered case, the envelope is
constant and the peak and average power are constant as expected. Consequently the power does
not change as a function of BW. Another way to look at this is in the frequency domain. An
undithered PRR of 10 MHz results in a spectral line at 10 MHz and its harmonics. There is
therefore a line at 2 GHz which is down converted to 300 MHz, the center frequency of the IF
filter. As the BW increases above 10 MHz, more lines are included in the passband and the
power increases linearly with BW. At 10 MHz and below there 1s a single line in the passband so
that the power remains constant. This is in contrast to the 50% dithered case for narrow BWs
where the peak and average powers change according to a 10 log,,BW rule.

For both the 50% dithered and non-dithered cases, the peak power for BWs greater than or equal
to 10 MHz (also the PRR ) increases as 20 log,,(BW). This is the BW where pulses become
distinct in the pulsetrain at the output of the IF, as can be seen in the envelopes shown in Figure
B.8.C through Figure B.8.F.

B.5 Reference

Y M.Z. Win and R.B. Scholtz, “Impulse radio: How it works,” JEEE Communications
Letters, pp. 10-12, Jan. 1998.
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UWB Post Detection Characteristics(fc=2 GHz, PW=1 ns, PRF=10 MHz, 50% Dither)
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APPENDIX C. CONVERSION OF POWER MEASURED IN A CIRCUIT TO INCIDENT
FIELD STRENGTH AND INCIDENT POWER DENSITY, AND CORRECTIONS TO
MEASURED EMISSION SPECTRA FOR NON-CONSTANT EFFECTIVE APERTURE
MEASUREMENT ANTENNAS

Frank Sanders’

This appendix derives conversions between power measured in a circuit and incident field
strength and effective radiated power from a transmitter.” Necessary corrections to measured
emission spectra for non-constant effective aperture measurement antennas are also derived and

explained.

C.1 Directivity, Gain, Effective Antenna Aperture, and Antenna Correction Factor

The starting point is directivity and gain, which are both measures of how well energy is
concentrated in a given direction. Directivity, d, is the ratio of power density, pg., in that
direction, to the power density that would be produced if the power were radiated isotropically,

Paeniso-

g = e . (C.1)
pden—iso

The reference can be linearly or circularly polarized. By geometry, directivity is:

P L D (C2)
Z [[Ea0

where E is the field strength [1]. Directivity makes reference only to power in space around the

antenna; 1t is unrelated to power at the antenna terminals. There is loss between the terminals and

free space. Gain, g, includes these antenna losses; gain is the field intensity produced in the given

direction by a fixed input power, p,,, to the antenna. Gain and directivity are related by

efficiency, €:

'The author is with the Institute for Telecommunication Sciences, National
Telecommunications and Information Administration, U.S. Department of Commerce, Boulder,
Colorado 80305.

? In this appendix, quantities in linear units (e.g., milliwatts) are written in lower case;
decibel quantities [10 log (linear power ratio)] are written in upper case.
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g = de (C.3)

or,

g - (47 P . (C.4)
pin

Through reciprocity, directivity is independent of transmission or reception, as is gain. Effective
antenna aperture, a. is unrelated to the physical aperture of an antenna. a, is defined as:

a, = 28 (€5)

where A is the free-space wavelength. Note that a, has the units of area. For an antenna matched
to a load, the power in the load, p,,,, 1s related to the free-space power density by a,:

pload = pden‘ ae . (C6)

If pioaq 1s in @ 50-ohm circuit and p,,, is in a free-space impedance of 377 ohms, then the
following relations apply:

V2
load
pload = E‘ (C7a)
and
V2
- space ‘ C.7b
Paen _—377 ( )

Rewrting Eq. C.6 gives:

Vll;ad _ Vsizace]
. a,_,[ o (C.8)

Note that the voltage in the circuit, ¥7,,,,, is in units of volts, but that the free-space field strength,
Vpace 1s In units of volts/m. The effective aperture, in units of m?, converts the free-space power
density on the right to the power in a circuit on the left.
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At this point, we introduce the antenna correction factor, acf, which is defined as follows:

acf = P . (C.9)

acf = ﬂ[l} , (C.10)

Because a, is dependent upon both gain and frequency, so is acf. Substituting Eq. C.5 into
Eq. C.6 gives:

377\[ 4=
acf = [50)(12}] : (C.11)

If the frequency, f, is in megahertz, then the substitution [A= c/(f 108) = 3-10%/(f10°%)] gives:

acf = (35707)(41:)[( 3 10:;)2] (r MHz)Z( ” (C.12)

which, calculating the constant term values, gives:
acf = (1.031073) - (£, MH:} - [1) . (C.13)
g

Taking 10log(acf) gives ACF in dB:

(ACF, dB) = (-29.78 dB) + 20log(f, MHz) - 10loglg) . (C.14)

C.2 Free Space Field Strength Conversion

Signals are commonly measured in circuits as either voltages or log-detected voltages
proportional to power. In either case, the signal measurement within a circuit is usually converted
to equivalent power in the circuit impedance. This conversion is usually accomplished
automatically within the measurement device (e.g., a spectrum analyzer). This measured power
within a circuit, pjg,q, is converted to incident field strength using either the antenna correction
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factor or antenna gain relative to isotropic, as follows. Writing Eq. C.6 with a substitution for a,
from Eq. C.5 gives:

A% < sace)2
Pioaa = [—ﬁ) ; (C.15)

and substituting for (A= ¢/f), /= 10AMHz), and ¢ = 3-10® m/s gives:

B10%P-g(7,,.P

(., MHz)>(105P-4m-377

(C.16)

onadzl

For power in milliwatts and field strength in microvolts/meter, the conversions (power, mW) =
1000-(power, W) and (field strength, v/m) = 10°%(field strength, nV/m) are used:

(PIoaw ’"W> -

1000-3-108F g (107¢P(, .., uV/m)?
(r; MHP-(108P-47-377

(C.17)

which, upon computing the constant terms, becomes:
1.90-108g(V, 0pr WVImf?

(Pmaw mW) i (f, Ale)z

Taking 10log of both sides gives:

(C.18)

10log(p, ., mW) = (~77.2 dB)+10log(g)+20log(V,,.,- pV/m)—zolog(f, MHz) . (C.19)
Rearrangement of terms yields:
field strength, dBuVim) = (P, dBm) + (77.2 dB) + 20log(f, MHz) - G . (C.20)

Note that P, ,, 1s related to the power measured within a circuit (e.g., a spectrum analyzer) by the
correction for path gain between the antenna and the analyzer: P, = P,,.., - (path gain to
antenna). This changes Eq. C.20 to:

fleldstrength, dBuVim) = (P, dBm) ~ (path gain) + (77.2 dB) + 20loglf, MHz)- G.(C.21)

Eq. C.21 1s key for the conversion of measured power in a circuit into incident field strength in
dBuV/m. For example, suppose that an antenna has gain G = 17 dB, at a frequency of 2300
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MHz, with 28 dB path gain between the antenna and the spectrum analyzer. The measured power
is -12 dBm on the spectrum analyzer display. Then field strength is +87 dBuV/m.

If an equation is required to relate field strength in dBuV/m to the ACF, then Eq. C.8 1s used to
relate acf to voltage in a circuit and free-space field strength:

_V'_iﬁ =(p ): V;"’“ (C.22)
50 lad) = 150 acf) '

Converting power in watts into power in milliwatts, and converting voltage in volts/meter into
microvolts/meter, gives

1000-(106-(V.__, wVim
(pload mW) S(Eac;’a ) (C.23)

which, upon computing the group of constant terms, gives:

.1n-11 2
Proar ™) = al >(I;‘c’f 1V (C.24)

and which, taking 10log of both sides, means that

(Progr @Bm) = (-107 dB) + (V,.,,, dBuVim) - ACF . (C25)

load’ space’

Rearranging terms and substituting [P,.... - (path gain)] for P,

NdBuVim) = P - (path gain) + (107 dB) + ACF . (C.26)

For example, suppose a measurement of -12 dBm is taken on a spectrum analyzer, with 28 dB
net gain in the path between the antenna and the analyzer, and measurement antenna acf of 111
(corresponding to G = 17 dBi at 2300 MHz, as in the example above). Then ACF = 20.5 dB, and
the corresponding free-space field strength is computed using Eq. C.26 to be +87 dBpV/m.

C.3 Effective Isotropic Radiated Power Conversion

It may be necessary to know the effective isotropic radiated power (EIRP) that a device
transmits. The conversion from measured power in a circuit to EIRP is described in this section.
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Free space loss must be determined: For transmit power (watts) p,; transmit antenna gain relative
to isotropic g,; receive antenna gain relative to isotropic g,; receive power (watts) p,; and receive
. antenna effective aperture a,; the effective isotropic radiated power is

(eirp) = b, - £ (C.27)

and

p, = a eirp (C.28)
4nr?

with r being the distance between the transmit and receive antennas.

The effective aperture of the antenna is the effective aperture of an isotropic antenna multiplied
by the antenna's gain over isotropic, or

A2
a ==& - (C.29)

A change to decibel units makes Eq. C.28:

P = EIRP + G, + 20log(A) - 20log(4m) - 20log(r) . (C.30)
Substituting c/f for A,
P = EIRP + G, + 20log(c) - 20log(f) - 20log(4n) - 20loglr) . (C.31)

If frequency is in megahertz and distance is in meters, then Eq. C.31 becomes

P = EIRP + G, + 20log(c) - 20loglf; MHz -10°) - 20logl4=) - 20loglr) ,  (C32)

which yields

P, = EIRP + G_ + 169.5 - 20log(f, MHz) - 120 - 22 - 20log(r, meters) (C.33)
or

P, = EIRP + G, + 27.5 - 20logl,MHz) - 20log(r, meters) (C.34)

C-6



[Pt

Similarly, for r in kilometers, Eq. C.31 becomes

P = EIRP + G, - 32.5 - 20logf, MHz) - 20log(r, km) (C.35)
and Eq. C.31 for r in miles is

P, = EIRP + G, - 36.5 - 20loglf, MHz) - 20log(r, miles) . (C.36)
For measurements of Part 15, Part 18, and ultrawideband transmitters, Eq. C.34 is convenient. If
the gain of the receive antenna is known and the received power has been measured at a known
distance from the emitter, then Eq. C.34 can be rearranged to yield E/RP:

(EIRP, dBW) = (P,, dBW) - G, - 27.5 + 20log(f, MHz) + 20loglr, meters) .  (C37)
If the received power is measured in dBm rather than dBW, Eq. C.37 becomes

(EIRP, dBW) = (P, dBm) - G, - 575 + 20log(f, MHz) + 20log(r, meters) .  (C.38)
If EIRP in decibels relative to a picowatt (iBpW) is required, then Eq. C.38 becomes:

(EIRP, dBpW) = (P, dBm) - G, + 62.5 + 20loglf, MHz) + 20log(r,meters) . (C.39)

For example, if a value of -10 dBm 1s measured at a frequency of 2450 MHz, with an antenna
gain +16.9 dBi, at a distance of 3 meters, then the EIRP value 1s +113 dBpW.

Effective radiated power relative to a dipole (ERP ) 1s sometimes required. EIRP 1s 2.1 dB
higher than ERP ;..

Finally, the conversion to incident power density is considered. The incident power density, Pg.,,
in W/m?, is equal to the incident field strength squared (units of (¥/m)?), divided by the ohmic
impedance of free space:

(Pden, Whnz) ) ((ﬁeld strgp;g;rh, VimpP _ (C.40)

Using more common units for field strength of (dBu ¥/m), and more common units for incident
power of (WW/cm?):.

(1 wim?) = 100 B 10"
2

— 377( W Vim)? (C.41)
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10

1 (uWrem?) = 10% (uimf (C.42)

377
The incident power density is thus
o> WW/em 2) = 3(—)7110 - (field strength, pVim) (C.43)

1

or

(P, uWicm?) = 3.77-10°% - (field strength, uVimP . (C.44)

C.4 Correction of Measured Emission Spectra for Non-Constant Effective Aperture
Measurement Antennas

With reference to Eq. C.5, the effective aperture of an isotropic antenna as a function of
frequency, f, 1s:

a, = £ (C.45)
4mf?

or

A, = G - 10log{dn) - 20logf) . (C.46)

If gain relative to isotropic, g, is arbitrarily normalized to 47, then the functional dependence of
effective aperture on frequency is clear:

A, = -20loglf} . (C.47)

The effective aperture of a constant-gain isotropic antenna decreases as the square (i.e., 20 log) of
the frequency. If an isotropic antenna were realized physically, and were then used to measure an
emission spectrum, it would be necessary to correct the measured spectrum for this drop in
aperture with increasing frequency.

For an isotropic antenna, the measured spectrum amplitudes would have to be increased as

(20log(frequency)) to represent the energy that would be coupled into a constant effective
aperture. Parabolic reflector antennas in principle have constant apertures; their gain nominally
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increases at the rate of (20 log(frequency)). Consequently emission spectra measured with high-
performance parabolic antennas do not require antenna aperture corrections.

Wideband horn antennas represent an intermediate case between the (-20 log) decrease in
effective aperture of theoretical isotropic antennas and the constant-aperture condition of nominal
parabolic reflector antennas. For example, the gain curve of a widely used double-ridged
waveguide homn (Figure C.1) increases with frequency, but at the rate of approximately

(6.7 log(frequency)). Since this is [(20-6.7)log] = 13.3 log below a constant-aperture condition,
the spectra measured with such an antenna must be corrected at the rate of (13.3 log(frequency)).
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Figure C.1. Broadband double-ridged waveguide antenna gain as a function of

frequency. The effective aperture would be constant if the gain curve

varied as 20log frequency).

Operationally, this correction is performed by ITS engineers as follows: The spectrum is
measured across a given frequency range and the uncorrected curve is stored. During the data
analysis phase, the original spectrum is corrected relative to an arbitrarily chosen frequency,
according to the following equation:

(Pcarrer:ted> = (Pmeasured) * 133[10g( fmasured]J . (C48)

reference



For example, if a spectrum is measured between 1 GHz and 5 GHz, a convenient reference
frequency might be 1 GHz, since the corrected spectrum will then have a zero correction at the
left-hand side of the graph. The correction will increase from zero at 1 GHz to a maximum of
9.3 dB at 5 GHz on the right-hand side of the graph, as in Figure C.2.

20 , — T 10
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Figure C.2. Demonstration of emission spectrum measurement corrected
to a constant effective aperture measurement antenna. With
this correction it becomes possible to add a second axis for
incident field strength.

The graph’s power-axis label needs to reflect the fact that the spectrum has been rendered as
measured with a constant-effective-aperture antenna. This can be done in two ways. The first is
to reference the antenna’s gain relative to isotropic at the reference frequency. If the antenna in
question had 5.9 dBi gain at the reference frequency of 1 GHz, then the axis label could read:
“Power measured with constant-aperture antenna, 5.9 dBi gain at 1 GHz (dBm).”

The label above might as easily refer to the antenna correction factor (acf) of the antenna at the

reference frequency. The second method is to compute the effective aperture of the antenna and
quote that in the label. In this example, the gain of 5.9 dBi at 1 GHz yields an effective aperture
in Eq. C.45 0f 3.1:107 m?. The corresponding axis label could read:

“Power measured with antenna of constant effective aperture 3.1-107 m? (dBm)”

While accurate, this expression’s reference to an effective aperture is unconventional.

An advantage of correcting a measured emission spectrum to constant measurement antenna
effective aperture is that a second axis can be added to the right-hand side of the graph showing
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field strength. With the effective aperture correction having been made, the field strength
becomes an additive factor to the power measured in a circuit. In this example (5.9 dBi gain at

1 GHz, constant aperture correction made to the rest of the spectrum), Eq. C.21 is used to arrive
at the following conversion to field strength:

(Field strength, dBuVim) = P__ - (path gain) + 77.2 + (60 - 5.9) (C.49)
or
(Field strength, dBuVim) = P___ - (path gain) + (131 dB) . (C.50)

Figure C.2 shows an example of a corrected spectrum with the field strength axis added in
accordance with Eq. C.48 and Eq. C.50.
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